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Abstract
Selective epitaxial growth was used to fabricate narrow Si/Ge/Si pillar
nanostructures in small holes in ultrathin oxide (UTO) on Si(100). The
self-assembled holes with diameters of 5–30 nm were obtained by in situ
partial removal of the UTO at high temperature. The UTO formation and the
annealing process were optimized for a high density of holes. The SiGe
nanopillars were grown with sizes determined by the initial hole diameter in
the UTO. Crystalline Ge dots embedded in oxide were formed by oxidation
of the pillar nanostructures. High-resolution transmission electron
microscopy (HRTEM) was used to study the pillar nanostructures and the dot
shapes before and after oxidation. Capacitors obtained with the oxidized
samples showed a hysteresis in their C–V curves attributed to charge
retention in the Ge dots embedded in the oxide.
(Some figures in this article are in colour only in the electronic version)
1. Introduction
Nanodevices based on Si and Ge nanocrystals are of large
interest due to the compatibility of the required processes
with the well-established silicon technology. In particular,
Si and Ge dots embedded in oxide are studied for floating
gate memories [1–3] and single electron nanotechnology [4].
The optoelectronic properties of Si and Ge dots [5–7] are of
scientific and technological interest due to the novel electronic
properties of these zero-dimension systems relative to their
bulk and layer counterparts. An advantage of Ge dots
embedded in oxide over Si dots is related to the smaller gap
of Ge corresponding to lower energies for injected holes or
electrons. This results in a higher charge retention time at the
same injection voltage.
The large difference between the oxidation energy of Ge
(−119 kcal mol−1) and Si (−204 kcal mol−1) (reference [14]
in [8]), leads to an increased probability for Ge segregation
into clusters in a SiO2 matrix. It is known that during
high-temperature oxidation of SiGe alloys, Si is preferentially
3 Author to whom any correspondence should be addressed.
oxidized while Ge is rejected from the oxide [8–12]. For high
Ge concentration alloys, Ge accumulation at the oxide/SiGe
interface, as well as on top of the oxide layer was observed
after oxidation of a uniform SiGe layer [8]. The mechanism
is not completely understood and different oxidation models
are presently being discussed [13–16]. In comparison with
the oxidation of SiGe layers, the oxidation of layers with
Ge islands is complicated due to non-uniformities in Ge
thickness and stress variations [17]. Achieving oxidation all
around the islands requires a configuration such that they
are not connected by a continuous wetting layer. Otherwise,
Ge piles up at the oxide/substrate interface, forming a
Ge-rich layer and no oxidation under the Ge dot can be
achieved. However, formation of random Ge dots embedded
in oxide was demonstrated using ultraviolet assisted low
temperature oxidation of SiGe layers [18, 19]. There are
also numerous reports on Ge dots embedded in SiO2 obtained
from layers deposited and oxidized by different methods,
such as: dc magnetron sputtering [20–22], electron-beam
evaporation [23, 24], epitaxial Ge islands on subnanometre
thick oxide films [25], Ge implantation [26–28], chemical
vapour deposition on oxide [29], sol–gel deposition [30],
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molecular beam Ge deposition on oxidized Si substrates [31].
Charging and memory effects due to the tunnelling of holes or
electrons into Ge dots embedded in oxide were demonstrated
and studied by different methods as well [2–4, 22–27, 32–35].
Most of the reported results are for a statistical distribution
of the dots on the sample surface. However, for future
nanodevices the uniformity and precise placement of the dots
are very important. Oxidation of ordered islands formed
on narrow mesas of isolated islands (single island on a
mesa), selectively grown in small windows offers a possible
solution [36]. In this case the role of the mesa is twofold,
first in inducing the ordering of islands and second in allowing
the lateral side oxidation of the pillar mesas, including the
oxidation underneath the Ge dots. Focus ion beam or e-beam
lithography can be used for precise positioning of holes in the
SiO2/Si substrate followed by epitaxy performed selectively
in the holes in ultrathin oxide (UTO) with only 1–2 nm
thickness [37, 38]. We expect then that if Si/Ge/Si pillar
structures are uniformly grown by selective epitaxy in an
intentionally and uniformly preformed array of holes in oxide,
a uniform distribution of Ge dots embedded in oxide will be
obtained for charge injection-retention devices.
In this paper we investigate the formation and the lateral
side oxidation of Si/Ge/Si nanopillars selectively grown in
holes in UTO using high-resolution transmission electron
microscopy (HRTEM). A high density of holes with different
diameters within the range 5–30 nm is obtained in which the
nanopillars are formed. We use the resulting spreading of
the pillar sizes to our advantage to study Ge dot formation
by oxidation of Si/Ge/Si nanopillars as a function of pillar
size. Capacitors with Ge dots embedded in oxide on p-
Si substrates show a large hysteresis in C–V curves due to
positive charging of Ge dots. The studies are important for
obtaining precisely localized crystalline dots in oxide, using
selective growth epitaxy.
2. Experimental details
The selective epitaxial growth was carried out on pre-patterned
Si(100) substrates. The Si substrates were cleaned ex situ
using dilute RCA chemistry which results in the formation
of a chemical UTO with a thickness of ∼1 nm. The
UTO was then self-patterned during in situ annealing at
800 ◦C at 8 × 10−8 Torr for 1–2 min immediately before
deposition. During these optimized ex- and in situ cleaning
procedures we obtained samples with a high density of
holes in the UTO on Si substrate. Pillars of a Si/Ge/Si
nanostructure were grown in the holes in the UTO on Si
by low pressure chemical vapour deposition at 700 ◦C, with
H2 as a carrier gas at a total pressure of 0.2 mbar. The
nominal structure under investigation in this paper corresponds
to the sequence Si(6 nm)/Ge(1.2 nm)/Si(7.5 nm)/Si substrate
for large area deposition. The layer thicknesses were measured
by Rutherford backscattering spectroscopy on samples with
the UTO completely removed. The structure investigation of
the nanopillars before and after oxidation was carried out by
cross-sectional transmission electron microscopy (XTEM) in a
JEOL JEM 3000F field emission microscope. Samples with
pillar structures were further oxidized at 750 ◦C to form an
oxide layer with thickness ranging between 15 and 40 nm. The
(a) (b)
100nm 100nm
Figure 1. AFM images of: (a) substrate with high density of holes in
UTO obtained by annealing in vacuum at 800 ◦C; (b) Si/Ge/Si
nanopillars selectively grown on the prepatterned substrates from (a).
oxide thickness was measured by ellipsometry and corresponds
well to a mean value determined from the TEM investigation.
Further C–V curves were measured on capacitors obtained
from oxidized samples using Al as top electrodes with different
areas.
3. Results and discussions
3.1. High-density SiGe pillars
First we optimized the ex- and in situ cleaning procedures.
We were able to obtain samples with a high density of holes
in the UTO on Si substrate. Figure 1(a) shows a typical
AFM image of a high density (∼4 × 1010 cm−2) of small
holes (diameter smaller than 50 nm) in the UTO layer on p-
Si(001) substrate. The Si/Ge/Si pillar nanostructures formed
in these holes in the UTO are shown in the AFM image in
figure 1(b). The comparison of the pre-patterned sample before
(figure 1(a)) and after (figure 1(b)) the pillar formation shows
a direct correspondence between the holes in the UTO and the
formed pillar nanostructures.
The shape of Si/Ge/Si pillars was found consistently to
depend on the diameter of the holes as demonstrated in the
high-resolution TEM images in figures 2(a)–(c). For very
small holes (below 7 nm in diameter) the pillars grow with
a pyramidal shape (figure 2(a)) with (111) contact facets to
the Si substrate surface and a very small (001) facet on top.
With increasing hole diameter, the nanopillars assume a more
complicated shape. The (111) facets become larger and are
predominant for bigger SiGe pillars (figures 2(b) and (c)) with
aspect ratio varying between 0.8 and 0.9, for width bigger
than 10 nm. All the pillars show a vertical (011) contact facet
and the (111) facets appear lifted. A similar incorporation of
the (011) facet was observed in micron-size Si mesas grown
on patterned SiO2 and SiGe islands obtained by dewetting
of ultrathin Si-on-insulator [39]. It seems to be driven by
the slight overgrowth of the oxide surface which leads to
lifting of the epitaxial constraints locally and allows the pillar
to incorporate equilibrium facets [39, 40]. It is also worth
noting that pillars with intermediate sizes (figure 2(b)) appear
slightly asymmetric, indicating that at these sizes there is a
competition between surface and volume terms that contributes
to the final surface free energy of formation of the pillar. With
increasing size of the pillars and the (111) facet area, the shape
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Figure 2. HRTEM images of different as-grown Si/Ge/Si nanopillars as a function of the hole size.
Figure 3. HRTEM images of oxidized nanopillar samples after oxidation. The oxide thickness is 32 nm in (a), (b) and (d) and 16 nm (c).
(a) Ge dots embedded in oxide coexisting with pillars still connected to the substrate; (b) detailed image of a pyramidal pillar in oxide;
(c) crystalline dots in 16 nm thick oxide; (d) larger Ge dots found in 36 nm thick oxide.
stabilizes (figure 2(c)). Pillars with a base size up to 21 nm
were investigated using HRTEM. Pillars with larger lateral
sizes of ∼40 nm were imaged using AFM. Larger pillars are
observed to develop a larger (001) top surface that increases
with increasing the size of the pillar. The (001) top facet is
an indication that there is no Ge close to the surface and the
nanopillar is relaxed at the surface.
In addition, the samples with pillar nanostructures were
oxidized. We found that the pillars evolved in two different
ways as a result of the oxidation. Some pillars were completely
oxidized and replaced by dot clusters embedded in the oxide,
while others remained attached to the substrate. Figure 3(a)
shows the coexistence of pillars with newly obtained dots
after oxidation. The examination of the pillars attached to
the substrate after oxidation (figure 3(b)) shows that during
oxidation the shape of the pillars transforms to a truncated
pyramid with (111) side facets and (001) top surface. This
was observed for both oxidation thicknesses (16 and 32 nm,
ellipsometric values) performed for this study and is probably
related to different oxidation rates for different facets. It seems
that the (111) facets limit the oxidation similarly to the V-
groove selective etching of silicon. Figures 3(c) and (d) show
the dots in the oxide and will be discussed in detail in part B
below.
The nominal Ge thickness used in these samples
corresponds to island formation during deposition on large
areas. However, in the case of the Si/Ge/Si nanopillars on
very small areas, Ge islands were not observed most probably
due to the growth on limited area, the intermixing with the top
layer of Si that increases the contrast limitations in HRTEM
imaging. Nevertheless, we expect that the Ge content is higher
around the middle of the Si/Ge/Si pillars where it induces
strain deformations. To obtain information about the strain
distribution inside the pillars, we have measured the lattice
spacings in different directions on the pillars. Figure 4 shows
this dependence for pillars in as-grown and oxidized (16 and
32 nm oxide) samples for a [001] direction crossing the pillars
through the middle. The mean value of this distance dz
was estimated by a linear fit performed for different regions
(figure 4). In the Si substrate region, far from the surface, a
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Figure 4. Vertical position of successive atomic planes defined by
lattice fringes as a function of count number, for as-grown and
oxidized samples (16 and 32 nm). The planes are parallel to the
substrate surface (001) and the cross section is through the middle of
Si/Ge/Si pillars on the Si substrate. Zero count number corresponds
to the plane of the Si-substrate surface. The curves were shifted on
the vertical axis so that the as-grown sample corresponds to the lower
curve and the thicker oxidation sample to the upper curve. The value
of the lattice distance dz was found by a linear fit of different regions
of the curves.
constant value of 0.276 nm was determined for all investigated
samples. Within the region close to the surface plane, a
relatively large perturbation in dz values is detected for a few
atomic planes. Figure 4 shows that the plane distance is higher
than in the Si substrate and decreases with oxidation. The
changes in dz are in the range of 1%. An increase of the lattice
constant in the vertical direction is expected due to Ge alloying
as well as to the strain induced by misfit of SiGe pillars and
the Si substrate. In the case of thicker oxidation, the lattice
constant inside the pillars is almost the same as for the Si
substrate. This can be understood in terms of Ge consumption
during the oxidation process in stages with a deeper oxidation
front. Moreover, the HRTEM images show that the lattice
constant within the surface regions of the pillars, especially in
the top part, becomes smaller than that for bulk Si, probably
due to oxygen impurities. The data in figure 4 show a reduction
up to 15% for the thicker oxide sample.
3.2. Ge dots embedded in oxide
As discussed above, the oxidation of the nanopillar samples
resulted in some pyramidal pillars which remained connected
with the Si substrate, but also in the formation of crystalline
dots embedded in the oxide. The formation of crystalline dots
embedded in oxide is illustrated in figures 3(a), (c) and (d)
for samples with 16 and 32 nm thick oxide, respectively. In
general, the dot diameter is of the order of 5 nm. We speculate
that the crystalline dots that we observe by HRTEM are Ge
rather than Si dots. Then the lattice spacing (0.21–0.22 nm)
that we observe would correspond to the (111) Ge being
slightly reduced due to the strong intermixing with oxygen.
The formation of Ge rather than Si dots is supported by the
large difference between the oxidation energies of Ge and Si,
which explains the segregation of Ge and preferential oxidation
of Si (see the discussion in the introduction). It is expected that
Figure 5. Hysteresis of C–V curves measured on capacitors
(50 × 50 µm2 area) of oxidized pillar samples with different oxide
thicknesses. The pillar samples are similar to those investigated by
HRTEM with crystalline dots embedded in oxide layers with mean
values of the thickness of 16 and 32 nm.
by over-oxidation of the sample, the Ge dots will also remain
away from the Si substrate and the thermodynamic equilibrium
between Ge dots and Si substrate is no longer maintained
during oxidation. Thus, Ge will be oxidized by the incoming
oxygen atoms for longer oxidation times. However, in our
samples with a relatively broad size distribution of nanopillars,
the oxidation thickness is not in some limits a critical parameter
and Ge dots are observed for an oxidation as thick as 32 nm,
as can be seen in figures 3(a) and (d). In this case we find dots
with size ∼5 nm embedded in the oxide as well as some larger
dots with up to 10 nm diameter with crystalline structure.
The crystalline dots formed during oxidation are separated
from the Si substrate by a thin oxide layer and behave in a
similar way to those in floating gate memories, i.e. carriers
from the substrate can tunnel into the Ge dots under an external
applied field and remain stored there after the removal of the
applied electric field. Capacitors with oxidized samples were
used with Al top electrodes from different areas and the p-Si
substrate as the bottom electrode. The C–V curves for two
oxidized samples with oxide thicknesses of 16 and 32 nm are
shown in figure 5. A significant hysteresis is observed for both
samples when the bias is slowly sweeping from positive to
negative voltage and back to zero, as can be seen in figure 5.
The initial state is almost, but not completely, recovered after
days at room temperature. The capacitors are scalable with
the area and the results were repeated for capacitors obtained
in the same run. The observed hysteresis is compatible with
injection of holes into Ge dots at negative applied voltage, and
their retention when the bias is removed due to oxide barriers
between dots and Si substrate, in agreement with the HRTEM
investigations.
4. Conclusions
Crystalline Ge dots embedded in oxide were obtained by
oxidation of Si/Ge/Si nanopillars selectively grown in holes of
UTO. HRTEM was used to study the shape and the crystalline
structure of the pillars before and after oxidation and the
formation of crystalline dots embedded in SiO2. The width
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of the pillars was between 5 and 40 nm and the size of the dots
∼5–10 nm. The memory effect was observed in capacitors
produced with oxidized samples.
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